It
has not yet been possible to obtain a detailed structemperature Blacklow et al., 1995) . With a view toward crystallographic studies, further protein ture for gp41, either alone or in complex with gp120. We have therefore applied a protein-dissection approach, in dissection experiments were used to define a slightly smaller subdomain with more favorable thermodynamic which key substructures of a protein are identified and studied (e.g., Oas and Kim, 1988) . Protein dissection has properties. These studies (M. Lu and P. S. K., unpublished data) led to the identification of the peptides N36 been used successfully to study other viral membrane fusion proteins (Carr and Kim, 1993; Bullough et al., and C34 (Figure 1 ). Like the longer peptides, N36 and C34 form a stable, trimeric complex of heterodimers with 1994; Fass and Kim, 1995; Fass et al., 1996) . Limited proteolysis of a fragment corresponding to the ectodo-100% helix content. Unlike the larger complex, however, the N36/C34 complex has a reversible thermal unfolding main of gp41 generated a stable, soluble complex composed of two peptide fragments denoted N51 and C43 transition (M. Lu and P. S. K., unpublished data). Here we present the crystal structure of this complex solved ( Figure 1 ) that are derived from the N-and C-terminal regions of the ectodomain, respectively .
to 2.0 Å resolution and discuss the implications of this structure for HIV viral membrane fusion and its inhibition. The N51 peptide corresponds to the 4-3 hydrophobic repeat region adjacent to the fusion peptide, while the C43 peptide is derived from the region prior to the transResults membrane segment (Figure 1) .
Interestingly, isolated peptides that overlap, or are Crystals of N36/C34 were grown by sitting-drop vapor derived from, the N51 and C43 regions of gp41 can have diffusion (see Experimental Procedures). An initial model potent anti-viral activity (Wild et al., 1992 (Wild et al., , 1994b ; Jiang of the complex was built into an electron density map et al., 1993) . Peptides from the C-terminal region of the generated by multiwavelength anomalous dispersion ectodomain have the highest activity. Consistent with (MAD) analysis (review, Hendrickson, 1991) of an osthese studies, both N51 and C43 are capable of inhibmium-derivatized crystal. Details of data collection and iting HIV envelope-mediated cell fusion; the C43 peptide MAD phasing statistics are listed in Table 1 . A represenexhibits 10-fold greater activity than N51 .
tative portion of the solvent-flattened electron density The inhibitory activity of the C43 peptide, however, is map used for building the initial model is shown in Figure  markedly reduced when stoichiometric amounts of N51 2. The structure was refined against data to 2.0 Å from are present, suggesting that the C43 peptide inhibits a native crystal to yield an R free of 0.266 and an R cryst of membrane fusion in a dominant-negative manner, by 0.238 (Table 1) . associating with an N51 region within intact gp41 . Thus, in addition to providing insights into the mechanism of membrane fusion, determining the Structure of the N36/C34 Complex The N36/C34 complex is a six-stranded helical bundle structural basis for interaction between the N51 and C43 regions could assist anti-viral drug-development efforts.
( Figure 3 ). The center of this bundle consists of a parallel, trimeric coiled coil of three N36 helices wrapped in a Biophysical studies showed that the N51 and C43 peptides associate to form a highly thermostable, heligradual left-handed superhelix. Three C34 helices wrap antiparallel to the N36 helices in a left-handed direction cal, trimeric complex of heterodimers, in which the N51 and C43 helices are oriented in an antiparallel manner around the outside of the central coiled-coil trimer. This arrangement of helices was anticipated on the basis of . Analogous experiments with the gp41 ectodomain from simian immunodeficiency virus (SIV) sequence analysis and biophysical studies Blacklow et al., 1995) . The overall dimensions of gave almost identical results, indicating that the gp41 core identified in these protein-dissection studies is this complex comprise a cylinder measuring ‫53ف‬ Å in diameter and ‫55ف‬ Å in height. conserved among lentiviruses . On the basis of these results and other considerations, As in other naturally occurring coiled coils (Cohen and Parry, 1990) , the interior residues at the a and d positions we proposed that the gp41 core consists of an interior coiled-coil trimer formed by the N51 region, against of the N36 heptad repeat are predominantly hydrophobic, although occasional buried polar interactions are which three C43 helices pack Lu et al., 1995) . also present in the central three-stranded coiled coil ( Figure 4) . A sequence comparison of HIV-1 (HXB2 The thermal denaturation of the N51/C43 complexes from HIV-1 or SIV gp41 are irreversible, probably as a strain) and SIV (Mac239 strain) gp41 shows that the residues at these two heptad-repeat positions are highly result of aggregation of the unfolded peptides at high 
where F(i) is the structure factor at wavelength i and F(4) is the structure factor at the reference wavelength 4.
where Fh(i),c is the calculated heavy atom structure factor. e Phase power ϭ ϽFh(i)Ͼ / E, where ϽFh(i)Ͼ is the root-mean-sqaure heavy atom structure factor and E is the residual lack of closure error. f Occupancies are values output from MLPHARE. g Rcryst, free ϭ ⌺ԽԽFobsԽ Ϫ ԽFcalcԽԽ / ԽFobsԽ, where the crystallographic and free R factors are calculated using the working and free reflection sets, respectively. h Overall figure of merit (before solvent flattening): 0.89.
conserved ( Figure 4 ). The characteristic "knobs-intoshown that the isolated N-peptides tend to aggregate Lu et al., 1995) . Thus, conclusions holes" packing of coiled coils is utilized, whereby the residues (knobs) at the a and d layers pack into cavities regarding the oligomerization state of gp41 based on studies of isolated N-peptides are probably misleading. (holes) between four residues of an adjacent helix (Crick, 1953; O'Shea et al., 1991) . Of the three types of knobs-
The N36/C34 complex shows a much more highly charged surface due to acidic residues on the outside into-holes packing geometry observed in coiled-coil structures (Harbury et al., 1993 (Harbury et al., , 1994 , the N36 trimer of the C34 helices ( Figure 5 ), explaining the greater solubility of the heterodimeric complex. demonstrates exclusively "acute" packing geometry (data not shown), similar to that found in the crystal structure of an isoleucine-zipper trimer (Harbury et al., Interactions between the N and C Peptide Helices Three C34 helices pack obliquely against the outside of 1994). This type of packing arrangement in the interior of the coiled coil is characteristic of trimers because it the N36 coiled-coil trimer in an antiparallel orientation. These C34 helices interact with N36 mainly through hyallows ␤-branched residues (e.g., isoleucine) to pack favorably at both the a and d positions (Harbury et al., drophobic residues in three grooves on the surface of the central coiled-coil trimer. Sequence comparisons 1994). Trimeric coiled coils, like the N36 trimer ( Figure  4 ), tend to have ␤-branched residues at both the a and between HIV and SIV gp41 show that the residues lining these grooves are highly conserved ( Figure 6 ). In cond positions.
Although complexes of the N and C peptides are trast, the N36 residues flanking the C34 helices are divergent between HIV and SIV ( Figure 6 ). clearly trimeric Blacklow et al., 1995) isolated N peptides corresponding to the 4-3 hydrophoThis pattern of sequence conservation is also apparent on a helical wheel representation of three N36 helices bic repeat from gp41 have been reported to form tetramers, leading to conflicting conclusions regarding the and one C34 helix ( Figure 4 ). In this diagram, the residue positions in C34 are depicted as ellipses to indicate the oligomeric state of gp41 (Rabenstein and Shin, 1995, 1996; Lawless et al., 1996; Shugars et al., 1996) . An oblique tilt of the C34 helix relative to the N36 superhelix and to emphasize that C34 is not part of a coiled coil. electrostatic potential map of the N36 coiled-coil trimer shows that its surface is largely uncharged (Figure 5 ).
Residues at the e and g positions of the N36 helices lie on the outside of the central coiled coil and point into The grooves that are the sites for C34 interaction are lined with predominantly hydrophobic residues (see bethe triangular interhelical space between two N36 helices and a buttressing C34 helix. In general, residues at low) that would be expected to lead to aggregation upon exposure to solvent. Indeed, previous studies have positions a and d of C34 pack against residues at the The left panel shows an end-on view of the N36/C34 complex looking down the three-fold axis of the trimer. The right panel shows a side view with one N36 and one C34 helix labeled. The amino termini of the N36 helices (blue) point toward the top of the page, while those of the C34 helices (purple) point toward the bottom. Diagrams were prepared using the program MOLSCRIPT (Kraulis, 1991) .
cavity is composed of Thr-569, Ile-573, and Leu-576. The N36/C34 complex shows striking structural similaring HIV and SIV gp41, no nonconservative changes exist ity to the low-pH-induced conformation of the influenza at the e and g positions of the N36 helix, and only two HA 2 subunit (TBHA 2 ) (Bullough et al., 1994) and to the such changes occur at the a and d positions of C34. In TM subunit of Mo-MLV , each of which contrast, 8 of the 9 nonconservative changes in the N36 has been proposed to be a fusogenic conformation. helix occur at the outside f, b, and c positions, while 13
Remarkably, the core of each of the three structures of the 15 nonconservative changes in the C34 helix occur contains a three-stranded coiled coil that would be adjaat positions other than a and d. The sequence of the cent to the amino-terminal fusion peptide (Figure 8 ). The N-peptide region of gp41 is among the most highly contrimeric coiled coil of gp41 is very similar to that of the served within the HIV envelope glycoprotein. Our results Mo-MLV TM, both having a similar superhelical pitch show that the high sequence conservation in this region ‫571ف(‬ Å ) and a regular 4-3 periodicity. In contrast, the results from selective pressure on the e and g positions TBHA2 coiled coil is atypical because it contains two to retain C34 peptide interactions, as well as pressure regions with skips in the 4-3 periodicity, resulting in an on the a and d positions to maintain trimeric coiled-coil underwound superhelix (pitch of 300-400 Å ). As in the interactions.
gp41 core structure, TBHA 2 contains three antiparallel Each of the grooves on the surface of the N36 trimer helices that are packed, with a left-handed tilt, against has a particularly deep cavity (Figure 7, left panel) . This the central trimeric coiled coil. cavity is large ‫61ف(‬ Å long, ‫7ف‬ Å wide, and 5-6 Å deep) and accommodates three hydrophobic residues from the abutting C34 helix: Ile-635, Trp-631, and Trp-628. Discussion As depicted in Figure 7 (right panel), the top of the cavity is lined by Leu-566 of the left N36 helix and Leu-565 of Evidence That the N36/C34 Structure Corresponds to the Core of the Fusion-Active Conformation the right N36 helix. Side chains from the left N36 helix form the left side of the cavity, including residues (top The structure obtained in these studies could, in principle, correspond to the core of gp41 in either the fusoto bottom) Val-570, Lys-574 (aliphatic portion), and Gln-577. The right wall is formed by residues Leu-568, Trpgenic or the native state of the envelope glycoprotein, or both. Several considerations provide good evidence 571, and Gly-572 of the right N36 helix. The floor of the 
Helseth et al., 1991).
Positions of the N36 and C34 helices that occupy the interhelical Third, mutations in gp41 that abolish infectivity and space between two N36 helices and a C34 helix are shown in yellow. membrane fusion often map to residues that are exThe helical wheel positions in C34 are indicated by ellipses to reprepected to stabilize the gp41 core structure determined sent the oblique orientation of this helix relative to N36. At the top here. Numerous studies show that mutations in the 4-3 of the complex, C34 is slightly tilted toward the left N36 helix, while hydrophobic repeat region abolish membrane fusion, at the bottom of the complex (indicated by darker shading), it is slightly tilted toward the right N36 helix. although these mutants tend to have additional defects (Dubay et al., 1992; Chen et al., 1993; Chen, 1994; Wild et al., 1994a; Poumbourios et al., 1997) . The Leu-568→Ala, Trp-571→Arg, and Asn-656→Leu mutations are particuthat this conformation of gp41 is found in the fusionactive state of HIV envelope.
larly noteworthy because cells expressing mutant envelope glycoproteins with one of these point mutations First, the N36/C34 complex folds in the absence of gp120. The fusogenic state of gp41 is expected to be are completely defective in membrane fusion, as judged by an inability to form syncytia with CD4-positive human stable in the absence of gp120, since dissociation of gp120 from the envelope glycoprotein is thought to aclymphocyte lines, even though the mutant proteins exhibit substantial cell-surface expression, CD4 binding, company the conversion from a native to a fusogenic state (Cohen, 1996; Wilkinson, 1996) . Similarly, the congp120/gp41 association, gp160 precursor processing, and soluble CD4-induced shedding (Cao et al., 1993) . version of influenza HA2 to the fusogenic state is accompanied by loss of most of its contacts with HA1. ProteoLeu-568 and Trp-571 are N36 residues that line the right wall of the cavity shown in Figure 7 (right panel). Asnlysis of the low-pH-converted form of HA prior to crystallization removes most of the receptor-binding 656 is in an a position of the C34 peptide and packs against the central N36 coiled-coil trimer. The locations HA 1 subunit (Bullough et al., 1994) . Moreover, the structural features of the fusogenic state are preserved in of these key mutations suggest that interactions between the N36 and C34 helices are critical for membrane fragments of HA 2 that fold cooperatively in the complete absence of the HA 1 subunit (Carr and Kim, 1993; Chen fusion. Fourth, our proposal that the N36/34 structure correet al., 1995b).
Second, the isolated gp41 core is exceedingly stable sponds to the core of the fusogenic state of gp41 is The C34 peptides, represented by blue rods, are shown against a surface representation of the N36 trimer. Residues on the surface of the N36 trimer that are identical between HIV and SIV are colored white, and nonidentical residues are green. Note that the C34 helix packs into a conserved (white) groove on the surface of the trimer, while nonconserved (green) regions of N36 are mostly surfaceexposed.
consistent with a large body of data on the inhibition of et al., 1995a). Further evidence in support of a dominantnegative mechanism is provided by the finding that mu-HIV-1 infection and syncytia formation by derivatives of the peptides that make up this core. This issue is tations in C-peptide derivatives that disrupt their interactions with N peptide correlate with decreased potency discussed in more detail below.
Finally, the structural similarity of the N36/C34 comas inhibitors (Wild et al., 1995) . The gp41 core crystal structure is fully consistent with plex to the low-pH-induced conformation of influenza HA 2 (Bullough et al., 1994) and to the structure of Mothis dominant-negative mechanism of inhibition ( Figures  3 and 6 ). The C-peptide derivatives could act as domi-MLV TM , each of which has been proposed to represent fusion-active conformations, nant-negative inhibitors by binding to the endogenous N-peptide coiled-coil trimer within viral gp41. The N pepsuggests that N36/C34 is the core of the fusogenic conformation of gp41. For all three structures, the hydrophotides might inhibit fusion by interfering with formation of the central, coiled-coil trimer within viral gp41 and/ bic fusion peptide would be immediately amino terminal to a central, three-stranded coiled coil. In influenza HA 2 or by binding to endogenous viral C-peptide regions. Both the N-and C-peptide classes of inhibitors are and HIV-1 gp41, the central three-stranded coiled coils are each stabilized by three helices that pack obliquely effective against a wide range of HIV strains, including laboratory-adapted strains and primary isolates (Wild et against the coiled-coil trimer in an antiparallel manner. In the TM subunit of Mo-MLV, these obliquely packed al. Jiang et al., 1993; Wild et al., 1994b ). In contrast, soluble CD4 and many neutralizing antibodies are helices are replaced by a short helix and an extended region that serve a similar structural role.
typically effective only on a limited subset of HIV strains (e.g., Nara et al., 1988; Palker et al., 1988; Daar et al., 1990; Moore et al., 1995) . There is a striking conservation Inhibitors of HIV-1 Infection Synthetic peptides containing approximately 40 resiof residues involved in interactions between the N peptide and C peptide, comparing gp41 from HIV-1 and dues from gp41 that overlap, or include all of, the residues in N36 or C34 can be effective inhibitors, at micro-SIV ( Figure 6 ). We conclude that the broad neutralizing effects of the N and C peptides derive from the strong molar to nanomolar concentrations, of HIV infection and syncytia formation (Wild et al., 1992 (Wild et al., , 1994b Jiang et al., sequence conservation of these residues. The highly conserved, deep cavities on the N-peptide 1993; Lu et al., 1995) . Our earlier investigation into the inhibitory properties of the N51 and C43 peptides imcoiled-coil trimer that accommodate conserved C-peptide residues are attractive targets for the development plied that these peptides work in a dominant-negative manner (Herskowitz, 1987) by binding to viral gp41 (Lu of new peptidomimetic or small-molecule inhibitors of HIV infection. The two indole rings and neighboring side et al., 1995), a conclusion that was also reached through studies of a gp41 ectodomain chimeric protein (Chen chains that occupy the prominent cavity depicted in , 1996) . These common structural features suggest that the rich body of work investigating the mechanism the design and/or development of new drugs. Not only is this cavity deep and highly conserved, but two of of membrane fusion for many other viruses, including influenza, is relevant for understanding the mechanism the three key mutations that disrupt membrane fusion, discussed above, map to one wall of this cavity (Figure of HIV-mediated membrane fusion. Given the similarity in structure between the HIV gp41 7). Because some of the known potent peptide inhibitors (Wild et al., 1994b) extend beyond N36 and C34 and core and the low-pH-converted conformation of HA 2 , it is worth considering whether the structural rearrangedo not involve this cavity region, it is likely that other distinctive surface features exist in the interface bements that occur during the transition of HA 2 to the fusogenic state are analogous to those in gp41. In the tween the N and C helices of longer peptides such as N51 and C43 . The importance of identinative, nonfusogenic conformation of influenza HA, part of the N-terminal coiled-coil trimer seen in the fusogenic fying drugs that target the HIV membrane-fusion machinery is emphasized by the success of combination state (Bullough et al., 1994 ) is held in a nonhelical, hairpin structure, as a result of extensive interactions with the drug regimens for the treatment of AIDS (review, Lipsky, 1996) . As yet, these combination therapies do not target receptor-binding HA1 subunit (Wilson et al., 1981) . Thus, the receptor-binding HA 1 subunit acts as a "clamp" that the HIV envelope.
binds this N-terminal region of HA 2 , holding it in the noncoiled-coil conformation. The receptor-binding domains Implications for gp41 Function and Viral Membrane Fusion dissociate in the fusogenic conformation of HA, as in HIV, although in the case of influenza, the HA 1 subunits The structures of the cores of the membrane-fusion subunits from HIV, Mo-MLV, and influenza virus are remarkare still tethered via a disulfide bond to HA 2 . Upon release of the HA 1 clamp, a dramatic conformational ably similar (Figure 8 ). It appears that these diverse viruses present fusion peptides to target cells via a change in HA 2 occurs, including coiled-coil formation by this N-terminal region (Carr and Kim, 1993 ; Bullough common scaffold, in which the fusion peptides are atop a central, three-stranded coiled coil that is supported et al., 1994) . A substantial conformational change in the envelope by additional, carboxy-terminal structures. This scaffold is likely to be a common feature of viral membraneglycoprotein complex is also thought to be critical during HIV infection, though few details are understood. It refusion proteins since many of these proteins contain coiled-coil signature sequences, with 4-3 heptad remains to be determined whether the HIV envelope complex also utilizes coiled-coil formation as part of a peats of hydrophobic amino acids, adjacent to an amino-terminal fusion-peptide region (Gallaher et al., spring-loaded mechanism, or if the gp41 core structure determined here is present in the native as well as the 1989; Chambers et al., 1990; Delwart et al., 1990) . Moreover, studies of the fusion proteins of several paramyofusogenic state. It is possible that the N36/C34 structure is the core structure of gp41 even when it is bound to viruses have identified regions with similarity to the Nand C-peptide regions of HIV and SIV gp41 (Lambert et gp120, and that release of gp120 simply exposes the (Bullough et al., 1994) and 45-98 of Mo-MLV TM are included. The figure was generated using the program Insight (Biosym). flash-frozen crystal soaked in 0.04% OsO4 in harvest buffer (80 mM NH4Cl, 20% PEG200, 30% isopropanol) for 4 hr. Based on the Experimental Procedures fluorescence profile, individual data sets were collected on Fuji imaging plates at four wavelengths (1 ϭ 1.1396 Å , 2 ϭ 1.1398 Å , 3 ϭ Peptide Purification and Crystallization 1.1402 Å , and 4 ϭ 1.1344 Å ). Reflections were integrated and scaled Peptides N36 and C34 were synthesized by standard FMOC peptide with DENZO and SCALEPACK (Otwinowski, 1993) . chemistry and have an acetylated N terminus and a C-terminal amData scaling, phase determination, and map generation were all ide. N36 corresponds to residues 546-581 of gp160, while C34 correperformed using the CCP4 suite of programs (CCP4, 1994) . Anomasponds to residues 628-661. After cleavage from the resin, the peplous and dispersive difference Patterson maps from MAD data sets tides were desalted on a Sephadex G-25 column (Pharmacia) and all showed a single clear peak corresponding to the osmium binding lyophilized. Peptides were then purified by reverse-phase high persite. The position of the site was calculated from the single z ϭ 0 formance liquid chromatography (Waters, Inc.) on a Vydac C18 preHarker section and from cross-peaks found at z ϭ 0.28 and z ϭ parative column. The identity of the peptides was verified by mass 0.71. Phases generated with the program MLPHARE (Otwinowski, spectrometry. Peptide concentration was determined by tyrosine 1991) gave an overall figure of merit of 0.89 (Table 1) and produced and tryptophan absorbance in 6 M GuHCl (Edelhoch, 1967) .
an interpretable electron density map with a clear solvent boundary. To grow crystals, a 10 mg/ml stock of the N36/C34 complex was Density modification was subsequently performed using DM (Cowdiluted 1:1 in a sitting drop with 80 mM NH 4 Cl, 20% PEG200, and tan, 1994), resulting in maps of high quality in which electron density 50% isopropanol and allowed to equilibrate against a reservoir of for the entire main chain and all side chains was evident (Figure 2 ). 80 mM NH 4Cl, 20% PEG200, and 30% isopropanol. Crystals grew as hexagonal prisms and belonged to the space group P321 (a ϭ Model Refinement b ϭ 49.5 Å , c ϭ 55.3 Å ). For native data sets and heavy atom screens,
The polypeptide chain was traced and the side chains readily positioned into a 2.7 Å density-modified map using the program O (Jones crystals were flash-frozen in a MSC cryogenic crystal cooler
